Introduction
============

Progressively enlarged fluid-filled cysts in kidneys and other organs are the key features of autosomal dominant polycystic kidney disease (ADPKD), which afflicts millions of people worldwide [@B1]. No effective therapeutic approach, except for renal replacement therapy, is currently available for ADPKD, a disease that ultimately leads to end stage renal disease in approximately half of the affected patients [@B2], [@B3]. Genetic studies have demonstrated that mutations in two genes, *PKD1* and *PKD2*, are responsible for \~85% and \~15% of ADPKD cases, respectively [@B4]-[@B6]. In addition, because of the early onset of cystogenesis, patients with *PKD1* mutations have significantly more severe disease than those with mutant *PKD2* [@B7]. Although numerous mutations have been found to be associated with ADPKD thus far, no evident mutation hotspots have been identified in either of the two genes, obscuring our understanding of the genetic basis of ADPKD. Therefore, various hypotheses have been proposed to explain the cyst formation, including two-hit, third hit, hypomorphic/hypermorphic effects, and haploinsufficiency, based on which rodent models have been generated to study the etiology of ADPKD [@B8]. Much information has been obtained using these models thus far, such as the identification of the signaling pathways involved in ADPKD; additionally, drugs have been tested and screened. However, the short lifespan, fast disease progression, dissimilarities in anatomy/physiology to humans, and late/rare cyst formation in mono-allelic *PKD1* or *PKD2* knockout (KO) rodent models have hindered the utility of rodents as a model for this chronic disease [@B9], [@B10].

Pigs, which are highly similar to humans in their anatomy, physiology, and genetics, are becoming a more attractive animal model for biomedical research [@B11]. A number of genetically modified porcine models have been reported for cystic fibrosis [@B12], neurodegenerative disorder [@B13], and xenotransplantation [@B14]. However, due to the lack of germ-line competent embryonic stem cells, it is very inefficient to produce KO pigs using conventional gene-targeting methods. With the advent of genome editing tools, such as zinc finger nuclease (ZFN), transcription activator-like effector nuclease (TALEN), and clustered, regularly interspersed, short panlindromic repeats (CRISPR)/CRISPR-associated (Cas) protein cas9, highly efficient production of KO pigs has become a reality [@B15]-[@B17].

In previous studies, we cloned and characterized the pig *PKD1*and *PKD2* genes and demonstrated a remarkable similarity between the human and pig orthologs at molecular level [@B18], [@B19]. Furthermore, a porcine *PKD2* transgenic model was generated, but there were no cystic manifestations by one year of age in that model [@B20]. To obtain a relatively early-onset disease model and to document whether the mono-allelic KO of *PKD1* (*PKD1^+/-^*) triggers renal cyst formation, we utilized ZFN technology to generate *PKD1^+/-^*Chinese experimental mini-pigs (CEMP), which showed macroscopically visible renal cysts within one year.

Materials and methods
=====================

ZFN
---

ZFN was designed by Sigma-Aldrich. Different amounts of ZFN were used for optimization of transfection. Twenty-four hours after transfection, the fibroblasts were subjected to DNA extraction (Qiagen). Then the ZFN-F (TAATTACAGGGGCCAAGCAG) and ZFN-R (GAGGCAGGGAAGACGTTGT) primers were designed to sequence the target site, and ZFN-mediated gene editing efficiency was calculated according to one hundred TA-clone sequencing results. The optimized transfection conditions resulted in high gene editing efficiency and low cell toxicity. Based on the standard, transfection with 0.5 μg of each ZFN plasmid was used for subsequent study.

Chinese experimental mini-pig
-----------------------------

Chinese experimental mini-pig (CEMP) was established by full-sib inbreeding and negative selection of Xiang pigs [@B21]. CEMP, which has a life-span of 16-18 years, reaches sexual maturity at 4-6 months old. The sow can deliver 7\~8 piglets per litter with a gestation period of 114 days. The neonatal pigs weigh about 0.4-0.5 kg, and then grow to 5 kg at 2-month-old. When they are 6-month-old, the body weight is about 20 kg. The adult pigs weigh approximately 40-50 kg with a height of 45-50 cm at one-year-old. The kidney, liver, heart, and stomach weight-to-body weight ratio of CEMP are similar to human being\'s, which makes it an intriguing model for biomedical research [@B21].

Generation of cloned pigs
-------------------------

CEMP embryonic fibroblasts were obtained from an E30 day male embryo and were cultured in DMEM (Sigma) with 10% fetal bovine serum (Gibco) at 37ºC. A neomycin-resistant cassette was derived from the pL452 plasmid by *Eco*RI and *Bam*HI digestion. A total of 1.5 μg DNA (0.5 μg for each ZFN construct and 0.5 μg of neomycin-resistant cassette) was transfected into 1×10^6^ fibroblasts. Subsequent procedures, including the screening of the cells, colony formation, transfer, and conservation were similar to a previous report [@B20]. Genotyping of the 72 surviving colonies was performed using the ZFN-F/R primers. Potential off-target sites were sequenced using eight pairs of primers (listed in [Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S1) flanking these sites. After ruling out off-target events, four fibroblast colonies (Nos. 60, 63, 77, and 96) were selected for somatic cell nuclear transfer [@B22]. Thirteen surrogate sows each received an average of 384 reconstructed embryos. After approximately 114 days, 20 piglets were delivered naturally from five sows. Genotyping was performed immediately using the ZFN-F/R primers and DNA extracted from ear biopsies. The cloned pigs were fed the same food and water.

*PKD1* expression analysis
--------------------------

Quantitative real-time PCR (qRT-PCR) was employed to detect *PKD1* expression in WT and *PKD1^+/-^* pigs. RNA was extracted from ear-biopsies and kidneys of the cloned pigs by RNeasy (Qiagen) and RNase-free DNase (Qiagen). The primers for *PKD1* 3\' part were 3\'-Q-F (CATGTGGCTCCTCTCAAGCA) and 3\'-Q-R (GCTTCCAGCAGGACCTTGAGT) targeting exons 36 & 37, for 5\' part were 5\'-Q-F (ACGTCGGGCTCCTAGAGAA) and 5\'-Q-R (TTCCCGCTCAGGTTTATTTC) targeting exons 2 & 3, while those for the internal control, *GAPDH*, were GAPDH-F (ATCACCATCTTCCAGGAGCGA) and GADPH-R (AGCCTTCTCCATGGTCGTGAA). One microgram of RNA from these tissues was reverse-transcribed into cDNA using oligo dT or random primer in a volume of 25 μL. Then, qRT-PCR reactions were performed in triplicate.

Membrane protein was extracted from the kidneys using the Membrane and Cytosol Protein Extraction Kit (Beyotime, Nantong, China). Eighty micrograms of membrane protein per lane was separated, transferred, and blotted according to a previously established protocol [@B18]. The antibodies used to detect PC1 were 7e12 (gift from Dr. Christopher Ward) with 1:500 dilution. For internal control, the mouse monoclonal anti-Na^+^, K^+^-ATPase antibody (Abcam) was utilized at a 1:1,000 dilution.

Histological analysis
---------------------

Kidneys from cloned pigs were harvested, minced, and fixed in 10% neutral buffered formalin solution. Then, the samples were dehydrated and embedded in paraffin. For HE analysis, 5-μm-thick sections were stained with hematoxylin and eosin. Antibodies for α-SMA (1:100, Abcam, Shanghai, China), Lrp2 (1:100, Abcam), THP (1:100, Santa Cruz), Calbindin-D-28K (1:100, Sigma-Aldrich), and biotinylated-DBA (1:200, Vector Laboratories, CA) were used for immunohistochemistry by the ABC method (Vector Laboratories). Cyst index, which was calculated using ImageJ (NIH, Bethesda, MD) as the area of lumen divided by the section area, was performed on the WT kidney sections and the non-cystic regions of mutant kidneys.

Contrast enhanced computed tomography
-------------------------------------

After anesthetization, pigs were injected with Ultravist (Bayer) as contrast medium. Then, CT was performed with a multi-splice spiral CT instrument (Lightspeed Plus, GE), with the following parameters: 120 kV, 500 ms, and 1.5 mm splice thickness. The adjusted renal volume was presented as the mean value of the left and right kidneys normalized to the body weight. CT was performed in the radiology department of either Zhuozhou Chinese Medical Hospital or PLA General Hospital. The renal/hepatic cyst identification and 3D reconstruction were conducted by experienced radiologists from the Department of Radiology, PLA General Hospital.

Statistical analysis
--------------------

Data are presented as either mean ± SEM or mean ± SD. The unpaired student\'s *t* test was used to compare the difference between the WT pigs and each *PKD1^+/-^* genotype. The paired student\'s *t* test was employed to determine changes in the cyst diameter. P\<0.05 was considered statistically significant.

Ethical Statement
-----------------

All of the procedures were conducted according to the guidelines developed by the China Council on Animal Care and Protocol and were approved by China Agricultural University (No. SKLAB-2012-04-03).

Results and discussion
======================

ZFN was designed to target exon 5 of *PKD1*, where ZFN-induced nucleotide insertions and deletions (indels) are expected to cause frame-shifting, and disrupt normal gene expression (Fig. [1](#F1){ref-type="fig"}A). After optimization of the transfection conditions ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S2), ZFN plasmids, together with a neomycin-resistant cassette, were then delivered into CEMP fibroblasts obtained from a male embryo ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S1A). After seven days of selection with G418, 72 colonies survived. PCR was performed to examine the genotypes of these cells, and 12 colonies (16.7%) were found to harbor mutant *PKD1* alleles, of which three colonies contained compound heterozygous KO events (4.2%) (Fig. [1](#F1){ref-type="fig"}B). Our results showed a higher efficiency than previous reports, which generated heterozygous and homozygous KO fibroblasts with efficiencies of 4.2% and 1%, respectively [@B15], [@B16]. To select colonies without off-target modifications of the genome, eight most likely potential off-target sites, each containing six mismatched nucleotides to the ZFN target, were sequenced for all 12 mutant colonies. These potential off-target sites were screened based on the released pig genome sequence [@B23]. No mutations were identified in the off-target sites, proving high specificity of the ZFN used in our experiment ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S1). Mono-allelic KO colonies Nos. 60, 63, and 96 (*PKD1^+/-^*) and a compound heterozygous allele-harboring colony No. 77 (*PKD1^-/-^*) were then selected as donors for somatic cell nuclear transfer (SCNT). A total of 4,987 reconstructed embryos were transferred to 13 surrogate sows, and 20 healthy piglets were delivered naturally from five recipients ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S3). Sequencing was conducted to confirm the genotypes of these cloned pigs, of which seven piglets had a TGCT insertion allele (*PKD1^TGCT\ ins/+^*; c.642_643insTGCT, *p.Phe215Lysfs\*197*), while six piglets had a T insertion allele (*PKD1^T\ ins/+^*; c.642_643insT, *p.Ala216Cysfs\*195*) (Fig. [1](#F1){ref-type="fig"}C). The two frame-shifted alleles with the appearance of TGA at 1,447-1,449 bp or 1,450-1,452 bp of the *PKD1* mRNA (GenBank ID: NM_001246202) encoding two 2-residue-difference truncated polypeptides (\~42 kDa) that only preserved signal peptide and LRR domains of Polycystin-1 (PC1) ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S1B). Moreover, no piglets derived from colony No. 77 were born in our experiment, perhaps because colony No. 77 was incapable of SCNT, or the*PKD1^-/-^* resulted in embryonic lethality. As in mouse models that disrupted either *PKD1* or *PKD2*, prenatal and perinatal deaths were common phenomena, which demonstrates that both genes are required for normal placental development [@B24]. Because *PKD1* is ubiquitously expressed in various organs [@B18], qRT-PCR was performed using RNA from ear biopsies of these piglets. As shown in Fig. [1](#F1){ref-type="fig"}D and [Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S1C, *PKD1^+/-^* (*PKD1^TGCT\ ins/+^* and *PKD1^T\ ins/+^*) pigs showed a nearly 40% reduction in *PKD1*expression, proving that the majority of the mutant alleles cannot produce full length mRNA. To confirm decreased *PKD1* expression in *PKD1^+/-^*pig kidneys, one neonatal pig (48h) with each genotype was randomly chosen and sacrificed. RNA and membrane protein extracted from the kidneys were subjected to qRT-PCR and Western blot analysis, respectively. As shown in Figs. [1](#F1){ref-type="fig"}E and F and [Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S1D, *PKD1* expression in KO pigs were lower than in *PKD1^+/+^* pig at both the transcriptional and translational levels. Additionally, we detected additional bands with similar molecular weight to the truncated PC1 in *PKD1^+/-^* pigs (Fig. [1](#F1){ref-type="fig"}F), which meant that mutant alleles could generate truncated PC1 to some extent. At sexual maturity, some of the *PKD1^+/-^* pigs were mated with WT sows, and a total of 64 offspring were secured, of which 35 piglets inherited the mutant alleles ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S4). This result demonstrated that the mutant alleles could be passed through germline transmission.

No macroscopic or microscopic cysts had developed in the *PKD1^+/-^* pig kidneys by 48 hours after birth, suggesting that half the amount of normal PC1 might be sufficient for renal development (Fig. [2](#F2){ref-type="fig"}). To investigate whether there are pathological changes in 6-month-old *PKD1^+/-^* pig kidneys, one pig from each of the three groups was sacrificed, and the kidneys were collected and fixed. Some small but macroscopically visible fluid-filled cysts began to emerge on the surfaces of the *PKD1^+/-^*pig kidneys (Fig. [2](#F2){ref-type="fig"}A). The largest cysts at this stage were \~5 mm in diameter. At 11 months old, the cysts were growing larger and the number increased, though the cysts were still scattered throughout the *PKD1^+/-^*kidneys. In the cystic kidneys, both flattened and cuboidal epithelial cells were found in the lining of the renal cysts (Fig. [2](#F2){ref-type="fig"}B and [Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S2A). At 24 months, these cysts began to slightly deform the normal kidney shape (Fig. [2](#F2){ref-type="fig"}A). Further analysis also confirmed the appearance of renal cysts in F1 *PKD1^+/-^* piglets by as early as 3 months after birth, suggesting the stable inheritance of *PKD1* mutant alleles ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S2A). Additionally, we measured the cyst index of the non-cystic regions of mutant kidneys. Although we could find at least 50 cysts/microcysts in each KO pig kidneys, the cyst index did not show any signs of tubule dilation (20.0% ± 0.8%) compared with WT kidney sections (19.5% ± 2.0%) ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S2B). This result suggested that the disease was in the early-stage without affecting the whole kidney.

As an accurate approach for detecting renal cysts, contrast-enhanced computed tomography (CT) was employed to examine the 11-month-old pigs. To our knowledge, there is no CT diagnostic criterion for ADPKD; thus, we adopted an ultrasonographic standard to examine these pigs [@B25]. In this criterion, the presence of at least 3 cysts in one or two kidneys from patients younger than 30 years of age would confirm the diagnosis of ADPKD. Because contrast-enhanced CT can detect a cyst of at least 1.5 mm, we set the threshold to 5 mm for counting cysts to minimize the false-positive diagnosis. We found that many different-sized cysts were present in the bilateral kidneys of all tested *PKD1^+/-^* pigs (Fig. [3](#F3){ref-type="fig"} and [Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S5). Means of nine and five cysts in bilateral kidneys of the 11-month-old pigs had larger diameters than 5 mm in the *PKD1^TGCT\ ins/+^* and *PKD1^T\ ins/+^* pigs, respectively. The largest diameter was 28.3 mm in a *PKD1^TGCT\ ins/+^* pig, while a *PKD1^T\ ins/+^* pig had a 19.3 mm cyst. In addition to renal cysts, liver cysts, observed in approximately 80% of ADPKD cases [@B26], were found in all *PKD1^+/-^* pigs (Fig. [3](#F3){ref-type="fig"}).

To confirm that these cysts could grow gradually, CT was performed on 18-month-old pigs. The detected renal cysts were larger than those from 11-month-old pigs by 1.27 ± 0.30 mm (P=0.0002) ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S1E). In current studies, total kidney volume (TKV) is recognized as a more accurate marker for polycystic kidney disease, as changes in this measurement mainly reflect alterations in the cyst numbers and volumes [@B27]. Thus, in our study, 3D reconstruction and calculation of kidney volumes were performed, but no TKV difference was observed in the *PKD1^+/-^* pigs at this stage compared with the WT littermates ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S1F). The result meant that these mono-allelic KO pigs were in the early stage of disease progression without significant renal enlargement.

As human renal cysts can arise from all nephron segments and collecting ducts, segment-specific markers for nephrons and collecting ducts were used to identify the origin of the cysts in our experiment. All the markers except for THP, which stains thick ascending limbs of loop of Henle (LH) and distal tubules (DT), were positively stained (Fig. [4](#F4){ref-type="fig"}), indicating that the cysts derived mainly from proximal tubules (PT) and collecting ducts (CD). Our results are similar to the recent report of Hopp *et al*, who demonstrated in a mouse ADPKD model that cysts originating from the LH and DT were consistently \<1% [@B28]. Another ADPKD characteristic like renal fibrosis, which is associated with disease progression, can also be observed in the *PKD1^+/-^* pigs [@B29]. Early-stage human ADPKD often have focal staining of α-SMA, similar to our result shown in Fig. [4](#F4){ref-type="fig"}, where α-SMA mainly surrounded the renal cysts suggesting the increased number of interstitial myofibroblasts. These cells are typical feature of fibrosis, and can participate in the deposition of extracellular matrix [@B29].

As young human patients only have rare cysts, which is reflected by the diagnostic criterion [@B25], our *PKD1^+/-^* pigs, which is comparable to human adolescence, shows some aspects of early-stage human ADPKD in terms of sporadic renal and hepatic cysts. Until now, mouse models, which have provided us with essential knowledge of ADPKD, are still the predominant animal models used in ADPKD research [@B8]. However, no effective therapies have developed thus far from these models, e.g., some drugs, which slow down disease progression in ADPKD mice, failed in preclinical trials [@B30], [@B31]. The possible reason is likely due to the differences in anatomy, physiology, metabolism and genetics between mouse and human. Over the mouse models, pigs show many advantages, which may either supplement our understanding of ADPKD from a different angle or act as a bridge between clinical trial and basic research. First, porcine kidney has a comparable size and similar multipapillate structure to human kidney, making it an ideal model for histological study and sample [@B32]. Second, ADPKD is a systemic disease with many extrarenal manifestations [@B1], such as cardiovascular abnormalities, intracranial aneurysm and hypertension, some of which can be better studied using pigs than mice.

Third, compared to mono-allelic *PKD1* or *PKD2* KO mice, which showed late-onset cystogenesis or no cyst formation [@B9], [@B10], [@B33], [@B34], our *PKD1^+/-^* pigs have a relatively early and progressed cystogenesis. Finally, as a chronic disease, our CEMP pigs, which have a lifespan of at least 16 years, could be readily used for longitudinal studies of ADPKD. Additionally, the *PKD1^+/-^* pigs could also be used as a platform to facilitate the construction of other related models. As we showed that *PKD1* mutant alleles could be passed to offspring by germline transmission ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S4), *PKD1^+/-^* embryonic fibroblasts can be established after the mating of *PKD1^+/-^* and *PKD1^+/+^* pigs. With modifications to the normal *PKD1* allele in fibroblasts by introducing a hypomorphic mutation, a faster progressing disease model than *PKD1^+/-^* could be obtained; or by knockout of *PKD2*, a pig with the *PKD1^+/-^*; *PKD2^+/-^* genotype can be produced to elucidate the trans-heterozygosity hypothesis.

Conclusion
==========

Our experiment demonstrated that mono-allelic KO of *PKD1* could trigger renal and hepatic cysts formation. This model may be served as an alternative model for ADPKD because of the observed early-onset of cystogenesis, combined with relatively slow disease progression, mimicking the chronic nature of human ADPKD. Therefore, the model we developed could be used either to study the molecular mechanism of cystogenesis, or as a basis to construct other fast-progressed disease models.
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![Generation and molecular characterization of *PKD1^+/-^* pigs. (A) Schematic representation of the ZFN targeting site of *PKD1*. The red letters indicate the ZFN cleavage site, and the black letters are the ZFN binding sequence. (B) The genotypes of the 12 mutant colonies, of which Nos. 13, 22, and 77 were compound heterozygous colonies. Δ and + indicate the deletion and insertion of nucleotides, respectively, compared to the WT allele. The underlined red letters represents the ZFN binding sequence. The lowercase letters highlighted in yellow denote the inserted nucleotides, and dots mean the deleted nucleotides. (C) Representative direct sequencing results of the WT, TGCT insertion and T insertion alleles, respectively. (D) qRT-PCR analysis of *PKD1* expression (mean ± SEM) in neonatal pigs, showing that *PKD1^TGCT\ ins/+^* (n=6) and *PKD1^T\ ins/+^* (n=5) pigs had reduced expression compared to WT pigs (n=6, \*\*\* P\<0.001). (E) qRT-PCR of *PKD1* expression in neonatal kidneys showing a reduction of renal *PKD1* in *PKD1^+/-^* pigs. Data obtained from three replicated experiments are presented as the mean ± SD. Primers amplifying 3\' part of *PKD1* were used in (D) and (E). (F) The PC1 levels of these cloned pigs were measured by Western blotting of membrane protein extracted from neonatal kidneys using 7e12 antibody. The full-length of PC1 is shown in the upper panel in all pigs (exposure time: 10 min). The arrow in the middle panel indicates the truncated PC1 produced by mutant *PKD1* alleles, while the asterisk indicates an \~50 kDa band that might be the glycosylated form of the truncated PC1 (exposure time: 30 min). The*PKD1^+/+^* pig does not have the truncated PC1 fragment. Na^+^, K^+^-ATPase was used as an internal control (exposure time: 5 min). The three panels are from three different blots, but they are running simultaneously with the same load of protein.](ijbsv11p0361g001){#F1}

![*PKD1^+/-^* pigs show the typical ADPKD phenotype. (A) The gross morphology of the kidneys collected at different ages exhibits macroscopic cysts (arrow) on the surface of the *PKD1^+/-^* pig kidneys (scale bar =1 cm). (B) Hematoxylin and eosin analysis of the kidneys reveals typical renal cysts (\*) lined by either flattened or cuboidal epithelia in the *PKD1^+/-^* pigs (scale bar for neonatal kidneys is 1 mm; for upper panel of 6-month-old kidneys, the bar is 500 μm; for the lower panel of 6-month-old kidneys, it is 100 μm; for the upper panel of 11-month-old kidneys, it is 1 mm; for the lower panel of 11-month-old kidneys, it is 100 μm). For each stage, at least 30 renal sections or 20 cysts were analyzed.](ijbsv11p0361g002){#F2}

![Contrast enhanced computed tomography was performed to diagnose the renal and hepatic cysts in *PKD1^+/-^* pigs at 11-month-old. Red arrowheads show the typical cysts in the kidneys and livers.](ijbsv11p0361g003){#F3}

![Immunohistochemical characterization of renal cysts in *PKD1^+/-^* pigs. The upper panel shows that α-SMA staining fibrosis surrounding renal cysts (\*) in the *PKD1^+/-^* pigs. The origin of renal cysts was determined using segment-specific markers/antibodies for proximal tubules (Lrp2), thick ascending limbs of loop of Henle/distal convoluted tubules (Tamm-horsefall protein, THP), distal convoluted tubules/cortical collecting ducts (Calbindin-D-28K), and collecting ducts (*Dolichos Biflorus* agglutinin, DBA). Cysts were positively stained by all of these antibodies/markers (arrow) except for THP. Each tubular segment specific marker was used to stain at least 30 cysts in each *PKD1^+/-^* kidneys. Scale bars in the images are 200 μm, except for DBA staining, which are 500 μm.](ijbsv11p0361g004){#F4}

[^1]: Competing Interest: A patent application on the *PKD1^TGCT\ ins/+^* and *PKD1^T\ ins/+^* pigs has been submitted by N. L and J. H. as the inventors.
